Purpose: Considerable controversy has erupted in recent years regarding whether genotyping should be part of standard care for patients with age-related macular degeneration (AMD) who are being considered for treatment with antioxidants and zinc. We aimed to determine whether genotype predicts response to supplements in AMD.
specifically, the disease-related genes age-related maculopathy susceptibility 2 (ARMS2) and complement factor H (CFH), also known as ARMS1. For instance, there was a smaller difference between treatment and placebo in patients with the CC genotype for CFH Y402H (44% vs. 39%) compared with those with the TT genotype (34% vs. 11%; P ¼ 0.03 for interaction). No interaction was found for LOC387715/ARMS2. The authors made only cautious conclusions, stating that "corroboration . is needed before considering modification of current management." Such corroboration seemed to come from Awh et al, 3 who examined the relative benefit of treatment across a wider set of genotypes from 11 disease-related markers before settling on 2 markers for CFH and 1 marker for ARMS2. Importantly, Awh et al claimed qualitative interactions between genotype and treatment outcome. The authors stated that the "data support a deleterious interaction between CFH risk alleles and high-dose zinc supplementation" such that patients with certain genotypes should be treated by antioxidants alone rather than by antioxidants plus zinc. The conclusions included "recommendations" that would lead to "improved outcomes through genotypedirected therapy."
These findings led the original study authors, Chew et al, 4 to attempt a replication. Measuring the genotype of a different subset of patients from AREDS, the authors did find the anticipated prognostic relationship between CFH and ARMS2 genotype and risk of progression. However, they did not find any predictive relationship between genotype and treatment effect, with test results for interaction being nonsignificant. The authors concluded that "supplements reduced the rate of AMD progression across all genotype groups" and that genetic testing should not be used to determine treatment. These negative findings were challenged by Awh and Zanke, 5 who claimed that the study by Chew et al refutes any claim of overall benefit for supplementation and that a separate editorial, written by a well-known statistician and epidemiologist team (Wittes and Musch 6 ) supported the genotyping. In response, Chew et al 7 claimed that Awh and Zanke had misinterpreted their study and that, in fact, the Wittes and Musch editorial favored their own position.
To help resolve this debate, the Office of Intramural Research at the National Institutes of Health (NIH) asked our 3 biostatistical groups to re-examine independently the data used by Awh et al 3 and Chew et al 5 to determine whether genotyping should be part of the clinical decision of whether to use supplements for AMD prevention. Herein, we report our findings.
Methods
A research integrity officer at the NIH contacted both sets of investigators (Chew et al and Awh et al) and proposed that they provide data to be forwarded on to independent biostatisticiansdwhose names and affiliations were not revealedd for further analysis. The 2 groups agreed and sent their data to the research integrity officer, who forwarded it on to us. Neither the NIH nor any other outside group or investigator participated in the design of the statistical methods used, interpretation of the results, drafting of the manuscript, or manuscript review before submission. No direct funding or any other type of financial remuneration was provided by NIH to support the current work.
Clinical information on AREDS participants is available to qualified researchers through the Database of Genotypes and Phenotypes, and single nucleotide polymorphism (SNP) and sequencing data are available now for an ever-increasing subset, although significantly fewer data were available when the debate began. For their studies, Awh et al 3, 8 focused on 979 patients for whom blood samples could be obtained from the Coriell biorepository. They used these samples to perform their own genotyping. They genotyped CFH at 2 SNPs, rs3766405 and rs412852, and assessed insertion/deletion (indel) status for ARMS2 at 1 location. Chew et al 4, 9 looked at data from 1237 patients for whom they had CFH and ARMS2 genotype data at SNPs other than those used by Awh et al (rs1061170 and rs1410996 for CFH and rs10490924 for ARMS2; summarized in their Fig 1B) and from 1413 patients measured using exactly the same SNPs as those used by Awh et al (summarized in their Fig 1C) . In all, genotype data from these 3 locations from Awh et al are available for 1523 participants: 879 were measured by both groups, 110 were measured only by Awh et al, and 534 were measured only by Chew et al. All data can be matched using anonymized AREDS patient identifiers.
The genotype data for patients measured at the above mentioned 3 SNPs underwent several levels of summarization. First, there were the raw genotype assessments (AA, AB, or BB) at each of the 3 SNPs. Second, results were expressed at the gene level in terms of the number of risk alleles for that gene (0, 1, or 2). This mapping is straightforward for ARMS2 (measured at just 1 SNP), but requires more detailed specification for CFH to indicate how a pair of genotypes is reduced to a number. Third, the numbers of risk alleles for each of the 2 genes are used to assign patients to genotype groups (GTGs). Proposed treatment differentiation would occur at the GTG level.
The 3 statistical groups decided to work independently on 3 separate approaches to the replication problem. The MD Anderson Cancer Center group focused primarily on checking data and evaluating concordance between different data sets. The Duke University group's role was to replicate the key findings of Awh et al concerning interactions between genotype and outcome. The Memorial Sloan Kettering Cancer Center (MSKCC) group took a blank slate approach, using all baseline data, including both clinical variables and genotype data, to determine whether benefit from treatment could be predicted.
MD Anderson Cancer Center: Data Concordance
We received raw data on patients from AREDS 1 linking times to AMD disease progression to CFH and ARMS2 genotypes and treatment group, from both Awh et al (Arctic) 3, 8 and the AREDS investigators. 4, 9 The data also contained various clinical covariates such as age, gender, race, body mass index (BMI), and smoking history.
Because unappreciated differences between data sets could explain some of the published inconsistencies, first we extensively checked the raw data supplied by both groups. We crosstabulated genotype calls for rs3766405, genotype calls for rs412852, and the reported numbers of CFH risk alleles. We also checked progression data in each of the 2 data sets by examining the longitudinal data on AMD eye categories to identify the time point at which either progression to category 4 in either eye first occurs, if the patient's category values were less than 4 for both eyes at the outset, or progression to category 4 occurs in the nonecategory 4 eye if the patient has 1 eye rated as category 4 at the outset.
We split the data into 3 groups based on whether we had genotype call data for CFH at rs3766405 and rs412852 and indel data for ARMS2 from both Arctic and AREDS (879 patients), just Arctic (110 patients), or just AREDS (534 patients). Each of the 3 data sets contains AREDS identification, CFH genotype, ARMS2 genotype, treatment group index, and progression status and time from each of the 2 groups. The cleaned data were presented to and approved by all 3 groups before they started their own independent analyses.
As noted by Chew et al 4 in 2014, the longer follow-up times now available include times after the end of randomization for the initial trial, at which point the all different treatment groups were shifted to receive the AREDS formulation. Because this could distort treatment differences, we chose to work with the progression-free survival (PFS) data from AREDS, which were censored at the end of 2001. Using the raw genotype calls at all SNPs, we assigned patients to gene severity levels and GTGs. Then, using GTG information, we used Cox proportional hazards models to fit time to disease progression as a function of various covariates, using the samples measured by both groups, and checked whether terms identified as significant retained their importance in the data sets examined by just 1 group. For this, we focused on GTG 2 (both CFH SNPs are CC, and ARMS2 category is 11) from Awh et al 8 in 2015, because this was the subgroup for which the strongest claims were made. We started with the 120 GTG 2 patients examined by both Arctic and AREDS investigators. Then, as a validation test, we performed the same analyses using the 75 GTG 2 patients examined by the AREDS group alone. This is similar to the approach taken by Chew et al 9 in 2015 but uses the direct matching we were able to obtain with access to data sets from both groups that Chew et al did not have. Analyses were conducted using R software version 2.3.0 (R Foundation for Statistical Computing, Vienna, Austria).
Duke University: Interaction between Genotype and Treatment
We included in the analysis 879 AREDS patients who have a high risk of progression to late AMD and who are included in both the Awh et al and Chew et al analyses. Among the 879 AREDS patients, 673 patients had intermediate AMD in 1 or both eyes (AREDS AMD category 3) and 206 patients had late AMD in 1 eye (AREDS AMD category 4).
We determined whether there was an interaction between the genotypes and treatment with antioxidant plus zinc for PFS. All patients were followed up in the randomized controlled trial until the end of 2001, and additional follow-up data are available through 2005 in an observational study. Because potential treatment noncompliance or crossover effects in the observational phase of study might have introduced bias, we confined our analysis to the period of the randomized controlled trial in 2001.
A comprehensive set of 11 genetic markers for AMD was identified by Awh et al 3 ( Table 1 ) that we used for our primary analysis. Following Awh et al, homozygous minor allele counts were combined with heterozygotes for markers with low minor allele frequencies (<1%). Because the process of summarizing CFH genotypes (rs3766405, rs412852) into risk allele counts was applied more consistently in the data from Chew et al 4 than in the data from Awh et al, 3 we used the risk allele counts from Chew et al. 7 The ARMS2 risk allele counts (372_815de1443ins54) were highly concordant between the 2 studies, and we used the counts from Chew et al. 7 The rest of the risk allele counts (for genes other than CFH and ARMS2) are available only through the Awh et al 2013 study and were used in this analysis.
Because we selected the overlapping patients (n ¼ 879) based on the 2 published studies, we checked the balance in baseline covariates and genotypes. The balance assessment would help to examine whether this overlapping subset of patients is an unbiased sample of the AREDS cohort participating in the randomized controlled trial. In addition, the genotypic subgroups in Awh et al 3 ddefined by the number of risk alleles of CFH and ARMS2 genesdwere not prespecified, but rather were identified from a forward stepwise variable selection procedure using the same outcome data that were used for their primary analysis. 9 Such a procedure is well known to increase the risk of false-positive results because of multiple testing. To avoid this problem, we scanned through the complete, unselected set of genetic markers, testing for possible interactions between the treatment and each marker, while explicitly accounting for the total number of hypotheses investigated. Specifically, to test for interactions, we used the Cox proportional hazards model for prediction of AMD progression as a function of treatment, a given genetic marker, and their interaction term. The interaction term addresses the hypothesis that the effects of treatment depend on the predictor. For instance, a statistically significant interaction between treatment and gender would mean that the benefit of treatment is different between men and women. Because there are 11 markers in total, the interaction between treatment and each gene was tested in a separate Cox proportional hazards model. We adjusted for multiple testing using the Bonferroni correction with a nominal family-wise error rate of 0.05; that is, we adjusted our results to be equivalent to if we had tested just a single hypothesis with a threshold of 0.05 for statistical significance.
To account for any imbalance between groups, we further tested for gene-by-treatment interactions by fitting an adjusted Cox proportional hazards model controlling for clinical variables for each gene. These clinical variables include age (1 degree of freedom [df]), BMI (1 df), gender (1 df), smoking status (2 df), baseline AMD category (1 df), and education (high school or not, 1 df). Bonferroni correction was used for this set of adjusted analyses with the same nominal family-wise error rate. Ties in time to progression were handled by Efron's method in all Cox regression models. 10 All statistical analyses were conducted using SAS software version 9.4 (SAS Institute, Cary, NC). 
Memorial Sloan Kettering Cancer Center: Prediction of Treatment Response
Of the 2 members of the MSKCC team, one (A.J.V.) was aware that the goal of the analysis was to determine whether certain risk SNPs predicted treatment response, whereas the other (M.J.A.) was blinded to this purpose and acted as an independent biostatistician tasked with identifying any variables known at baseline that could predict the benefit of treatment.
In our analyses, we focused on 752 patients who were treated by antioxidants plus zinc (the currently recommended treatment) or placebo (as the comparison group) and for whom we had CFH status as defined by Awh et Additionally, we hypothesized that there is an interaction between treatment and the baseline risk of progression. To estimate baseline risk of progression, we used univariate Cox regression for patients in the placebo group to test for an association between baseline patient characteristics and progression among patients treated with placebo. We then used a backward selection procedure with a threshold of P < 0.2 to select predictors for inclusion in the risk model among the candidate predictors that were shown to be associated univariately with the outcome. Candidate predictors included age, smoking status, BMI, gender, baseline AMD severity, diabetes, high blood pressure, angina, cancer, arthritis, rs412852, rs3766405, rs1061170, rs1410996, and rs10490924. Statistical analyses were conducted using Stata software version 13 (Stata Corp., College Station, TX).
Results

MD Anderson Cancer Center: Data Concordance
The concordance at the level of genotype calls between the 2 data sets was good: concordance rates were 98.9% (869/879) for rs412853, 98.5% (866/879) for rs3766405, 97.6% (858/879) for both CFH SNPs, and 96.9% (852/879) for ARMS2 indel calls. Although consistency between genotype call and risk allele counts was acceptable for AREDS data, in the Arctic data, not all samples with the same CFH genotypes had the same risk allele number (Table 1) . For instance, of the 86 patients Arctic assigned CFH genotypes of rs3766405 ¼ CT and rs412852 ¼ TT, 35 were assigned a CFH risk allele number of 0 and 51 were assigned a CFH risk allele of 1.
Progression data also differed between groups. The results we obtained from applying our algorithm to the data from AREDS very closely matched the results they reported (we disagreed with 4/1413 times and 2/1413 status assignments). However, the outcome calls supplied disagreed with the raw data for 86 of the 989 samples examined by Arctic. Differences fell into 3 categories, including incorrect calls (45 cases), nonmonotonic progression patterns for some patients (e.g., going from 3 to 4 and then back to 3 [28 cases]), and incorrect but close follow-up times (13 cases). We were unable to identify an algorithm that would yield the data reported by Arctic.
In a Cox regression model of GTG 2 patients by treatment group using the samples examined by both AREDS and Arctic, the overall model was not significant (likelihood ratio statistic of 6.47 on 3 df; P ¼ 0.091), although the results of a separate test for zinc alone were significant (z ¼ 2.25; P ¼ 0.024) before adjusting for multiple testing. These samples were part of the initial cohort examined by Awh et al in 2013. When we used the same approach to examine the GTG 2 patients examined only by AREDS, not only was the overall model not significant (likelihood ratio statistic of 0.51 on 3 df; P ¼ 0.9), but also the effect of zinc alone was not significant (z ¼ 0.25; P ¼ 0.8). Hence, we were unable to replicate in an independent test set the strongest genotypeetreatment interaction claimed.
We undertook further analysis to determine possible reasons for the contradictory findings. Differences in underlying data, such as for progression times or genotype calls, did not have a large impact, with small changes in odds ratios, such as from 2.14 to 2.08. Power similarly seems not to be an important issue: with 989 patients in the original analysis compared with 534 in our replication, the difference in the width of the CI is approximately 35%. Our results still would have been far from statistically significant had we obtained an identical central estimate but a 35% narrower CI. Hence, the primary reasons why our findings differed from those of Awh et al are overfit and multiple testing, which constitute the traditional rationale for independent replication. Table S1 (available at www.aaojournal.org) summarizes the baseline clinical characteristics of the overlapping sample by treatment group, and Table S2 (available at www.aaojournal.org) presents the marker information by treatment group. The structure of these 2 tables is similar to that of Table 4 reported in Chew et al. 4 We did not find covariate or genotype imbalance across treatment groups except for a P value for 1 genotype of 0.006. This was for C2, an SNP that is not part of the genotype of purported value for treatment decision making. Because the probability of observing a P value of 0.006 or less when For each marker, we fit an unadjusted Cox proportional hazards model including only treatment (3 df), genotype (assuming a codominant model if applicable), and their interactions. The covariate-adjusted Cox proportional hazards model also was used to assess further whether the conclusions change after taking into account the baseline patient characteristics. We used a Bonferroni-corrected significance threshold of 0.05/11 ¼ 0.0045 to account for multiple testing. The P values for testing interaction effects in the Cox models are presented in Table 2 . One interaction term is significant from the unadjusted analysis without accounting for multiplicity, C3, which is not the genotype claimed to be of value by Awh et al. Possible interaction was suggested between CFH (rs412852) and treatment from an adjusted analysis, but before multiplicity adjustment. No interaction term was found to be significant after controlling for multiple testing.
Duke University: Interaction between Genotype and Treatment
Although we did not find a treatmentegenotype interaction, we nonetheless estimated treatment effects by subgroup, addressing the hypothetical of whether treatment could be harmful in a subgroup. Tables S3  and S4 , available at www.aaojournal.org). In no subgroup was there any evidence to support a large increase in risk from antioxidants and zinc, with the highest hazard ratio being 1.06. For C3, the only gene whose genotype showed a conventionally significant interaction in the unadjusted analysis, hazard ratios for all genotype subgroups were well below 1, suggesting benefit irrespective of genotype.
Memorial Sloan Kettering Cancer Center: Prediction of Treatment Response
We did not find sufficient evidence of an interaction between treatment and any patient characteristics of interest except corresponding to the interaction with SNP rs10490924 status ( Table 4) . Upon further investigation, the interaction of treatment and rs10490924 status of GG versus GT and TT was significant, whereas the interaction with GT versus GG and TT was not (P ¼ 0.044 and P ¼ 0.5, respectively). Table 5 represents patient risk of progression within 5 years by rs10490924 and Awh et aledefined CFH status. Among all patients, treatment with antioxidants plus zinc was shown to be associated with decreased risk of progression at 5 years (6.9%; 95% CI, 0.8%e 13%). Among the 41% of participants with an rs10490924 status of GG, there was not sufficient evidence of a difference in the risk of progression by treatment; however, among patients with an rs10490924 status of TT or GT, antioxidants plus zinc treatment was associated with a decreased risk of progression at 5 years of 13%. Although the interaction between Awh et aledefined CFH risk copies and treatment did not meet conventional levels of statistical significance, we nonetheless examined the patients' risk of progression within 5 years by CFH status. Among the 36% of patients with 2 CFH risk copies, there was no evidence of a difference in the risk of progression by treatment; however, among most patients, the treatment was shown to be associated with a decreased risk of progression at 5 years of 12%. A positive value represents a treatment benefit. CFH risk copies were determined based on the definition by Awh et al. 3, 8 Variables selected for inclusion in the multivariable model included smoking status (current vs. former and never), age, baseline AMD status (3a and 3b vs. 4a and 4b), and rs10490924 and rs1410996 status. The interaction between treatment and the estimated risk of progression had a patient received placebo was significant (P ¼ 0.032; n ¼ 601), with a larger improvement in PFS among patients at higher baseline risk.
We did not find sufficient evidence to suggest that the CFH status defined by Awh et al influenced the effectiveness of the treatment. Although there was a significant interaction between treatment and rs10490924, this single significant P value is not compelling in the context of multiple testing: even if we ignore the analyses of nongenotype predictors, a Bonferroni-adjusted P value would be 0.091.
Discussion
Our 3 different statistical groups conducted independent but complementary analyses to determine whether genotyping of CFH and ARMS2 should be used to guide the decision of whether to use antioxidants and zinc to prevent AMD progression. All 3 groups concluded that genotyping is unwarranted. The MD Anderson Cancer Center team found important errors of summarization in the data set used in the original paper by Awh et al 3, 8 supporting genotyping. Moreover, no evidence (P ¼ 0.9) was found for a key claim of Awh et al when tested on independent samples. The Duke group analyzed all 11 of the genotypes examined by Awh et al. There were no statistically significant interactions after adjusting for multiple testing. Memorial Sloan Kettering Cancer Center took a blank slate approach to predicting treatment response. Although there was evidence that, in general, patients at higher baseline risk had a greater improvement in PFS with supplements, the evidence did not support genotyping. There were no statistically significant interactions after adjusting for multiple testing and there was no support for the critical claim that risk of AMD progression is much higher patients with some genotypes. A key consideration here is that the treatmentdantioxidants and zincdis benign, and so there is a greater burden of proof to demonstrate a poorer outcome on the primary end point for anyone advocating a test to predict treatment response.
Several investigators previously have attempted to resolve the discrepancy between the studies by Awh et al and Chew et al. In a sophisticated analysis of AREDS data using the eye, rather than the patient, as the level of analysis, Seddon et al 11 reported that supplementation was effective only for the subgroup of patients with the TT genotype for CFH Y402H or ARMS2. The authors concluded: "The effectiveness of antioxidant and zinc supplementation appears to differ by genotype." We find the results of Seddon et al actually very comparable with our own and believe that their conclusions are not supported by the results they present. The P values for the interaction between treatment and genotype for the main end point of advanced AMD are 0.069 for CFH Y402H and 0.024 for ARMS2. These are not impressive P values given that 4 hypotheses were tested, even leaving aside that CFH Y402H or ARMS2 were selected from a total of 11 genes examined by Awh et al. Furthermore, just as in the current analysis, Seddon et al did not find harm associated with treatment. The highest central estimate of hazard ratio in any subgroup was 1.04, casting doubt on the claim by Awh et al 3, 8 of a "deleterious interaction" sufficient to justify a genomic test. Indeed, one could return to the original study by Awh et al to make the same point about multiple testing: the lowest P value reported for any interaction term was 0.01. This is arguably significant only if we ignore that CFH and ARMS2 first were selected from 11 genes.
That is, our conclusions differ from those of prior authors at least in part because of this issue of multiple testing. We believe multiple testing to be a fundamental and uncontroversial aspect of statistical methodology. As a simple illustration, if a man were to flip a coin 1000 times per day for 1 month, the probability that the final proportion of heads is statistically different from 50% is, as expected, 0.05. However, there is approximately an 80% chance that he will throw statistically significantly more or fewer heads on at least 1 day. We also might point out that the lowest P value in any analysis, and one lower than the P value for any interaction term reported in any study, is for baseline treatment differences between groups in the prevalence of rs4151669 (Table S2 , available at www.aaojournal.org), a finding almost impossible to explain in terms other than chance. The issue of multiple testing was identified as a concern by Chew et al, by Wittes and Musch 6 in their editorial, and independently by each of the 3 groups in the current analysis. It is well known that if multiple testing is ignored, discoveries are unlikely to be replicable in data sets other than those used to discover them in the first place. Indeed, much contemporary methodologic work on appropriate statistical analysis of genetic data focuses exclusively on multiple testing. Our concern about multiple testing is borne out by the analysis conducted by the MD Anderson Cancer Center group on an independent group of samples, which found no treatmentegenotype interaction.
There are several differences in results among our 3 groups. Both Duke University and MSKCC calculated interaction terms between treatment and genotype. The former investigated the genotypes in the Awh et al study and the latter those in the Chew et al study. The P values for the SNPs investigated by both groups are not entirely consistent because MSKCC looked only at the antioxidant plus zinc group, whereas Duke University examined interactions across all 4 treatments. That said, the qualitative conclusion reached by all 3 of our groupsdthat of no significant interaction after correction for multiple testingdis the same.
Our findings illustrate the importance of replication for marker studies. One of us (A.J.V.) has been involved in the development of a diagnostic test. This was tested in 9 separate retrospective studies including more than 15 000 patients before a prospective validation study was conducted. 12 It was only after this final prospective study that the test was made commercially available. The problem with the AMD genotyping controversy may be related to the fact that all claims about the need for genotyping were based on retrospective analysis of a single study, and the test was commercialized without prospective replication on additional empirical data.
We cannot prove a negative. It may well be that, with further data collection and analysis, pharmacogenetic markers will be developed that can guide chemoprevention of AMD. It also may be the case that further research on ARMS2, CFH, or other SNPs included in this analysis demonstrate their value for treatment-related decision making. Our claim is that, at the current time, we do not have good reason to believe that genotyping will do more good than harm.
In conclusion, our separate statistical groups analyzed data from the AREDS study using 3 separate but complementary statistical approaches. We found no evidence to support the use of genotyping to inform chemoprevention of AMD. Patients who meet current criteria for supplementationdextensive intermediate-size drusen, at least 1 large druse, noncentral geographic atrophy in 1 or both eyes, or advanced AMD or vision loss resulting from AMD in 1 eyedand who have no contraindications to supplements, such as smoking, should be offered zinc and antioxidants without consideration of genotype.
